Abstract -We have previously demonstrated that salt tolerance in cowpea could be associated with lesser impairments of the photosynthetic capacity. Taking into account that photosynthesis is the main sink for reducing power consumption, our central working hypothesis is that a salt-sensitive cultivar is more prone to suffer from oxidative stress. We analyzed the long-term effects of salt stress on oxidative damage and protection against reactive oxygen species in both leaves and roots of a salt-tolerant (Pitiúba) and a salt-sensitive (TVu) cowpea cultivar. Two salt treatments (0 and 75 mM NaCl) were applied to 10-day-old plants grown in nutrient solution for 24 days. Significant salt-induced oxidative damage as demonstrated via increases in malondialdehyde concentration were noted, particularly in leaves at the end of the experiment, although such damage was found earlier in Pitiúba. In salt-stressed plants, superoxide dismutase (SOD) activity increased only in Pitiúba at 24 days from the start of salt additions (DSSA). In Pitiúba, catalase (CAT) was not significantly affected by the treatments, whereas in TVu its activity was dramatically lower in salt-stressed plants at 10 DSSA onwards. In general salt stress led to significant increases, much more pronounced in ascorbate peroxidase (APX), glutathione reductase (GR) and guaiacol peroxidase (GPX), at the end of the experiment in both cultivars. In roots, salt-induced increases in enzyme activities were particularly noted at 24 DSSA, as found for SOD and APX in Pitiúba, CAT in TVu and GR and GPX in both cultivars. Therefore, in contrast to our expectations, the present results argue, to a great extent, against a functional link between salt stress tolerance and the expression of the antioxidant system. ACTA BOT. CROAT. 73 (1), 2014 51 * Corresponding author, e-mail: egomesf@ufc.br
Introduction
Soil salinity is a major threat to global food security. Up to 20% of the world's irrigated land, which produces one third of the world's food, is salt-affected. Tolerance to salt stress is a complex trait involving the coordinated action of many gene families that perform a variety of functions such as control of water loss through stomata, ion sequestration, metabolic adjustments, osmotic adjustments and antioxidative defense (ABOGADALLAH 2010) . In fact, salt-induced alterations in the physiology of the plants may provoke metabolic disturbances that trigger an excessive production of reactive oxygen species (ROS) (HASEGAWA et al. 2000 , AHMAD et al. 2008 ). To cope with ROS, plants are endowed with a complex nonenzymatic and enzymatic antioxidant system including superoxide dismutases (SOD), which catalyze the reaction from superoxide to H 2 O 2 , and catalase (CAT) and enzymes of the ascorbate/glutathione cycle, including ascorbate peroxidase (APX) and glutathione reductase (GR), which function to detoxify the H 2 O 2 produced (ASADA 1999 , MITTLER 2002 . Eventually, a guaiacol-type peroxidase (GPX) also participates in H 2 O 2 scavenging (ZHANG and KIRKHAM 1996) . Failure of the antioxidant defense system may result in oxidative damage to several cell constituents such as proteins, enzymes, DNA and membrane lipids (ASADA 1999 , MITTLER 2002 .
In spite of the large number of reports on the role of antioxidative defense under salt stress, the relative importance of the antioxidant system to the overall plant salt tolerance is still a contentious matter (PARIDA and DAS 2005 , MUNNS and TESTER 2008 , ABOGADALLAH 2010 . On the one hand, the enzymatic ability to scavenge ROS is assumed to be an essential component of salt tolerance, based on studies on mutant and transgenic plants with greater capacities to detoxify ROS that showed improved salt tolerance (HASEGAWA et al. 2000, PARIDA and DAS 2005) . On the other hand, it has been suggested that genetic differences in salt tolerance are not necessarily due to differences in the enzymatic ability to scavenge ROS (MUNNS and TESTER 2008) probably because the defense mechanisms pathways are redundant (PALATNIK et al. 2002, MUNNS and TESTER 2008) .
Cowpea is one of world's most important crops (EHLERS and HALL 1997) that are grown mostly in regions prone to salt stress. However, this species is as yet genetically underexploited (TIMKO et al. 2008) . Little information on the basic processes involved in salt stress tolerance in cowpea is available. To the best of our knowledge, only two studies have explored the cowpea's antioxidative responses to salt stress, either by analyzing only leaves (MAIA et al. 2010) or both leaves and roots (CAVALCANTI et al. 2007) , though limited to short-term evaluations without consideration of the duration of exposure of the plants to salt stress. We believe that studies involving both leaves and roots are important for a better understanding of the long-term physiological performance of the whole plant under salt stress conditions. Recently, we demonstrated that salt tolerance in cowpea was associated with restricted Na + accumulation in leaves, improved leaf area and lesser impairments of the photosynthetic capacity (PRAXEDES et al. 2010) . Because photosynthesis is the main sink for reducing power consumption, our central working hypothesis is that a salt-sensitive cultivar is more prone to suffer from oxidative stress that, in turn, will probably aggravate its susceptibility to salt stress. We also hypothesized that leaves and roots display different antioxidative abilities to cope with salt stress. Therefore, the present study was conducted to analyze the long-term effects of salt stress in both leaves and roots of two cowpea cultivars with contrasting tolerance to salt stress.
Material and methods

Plant material and growth conditions
Two cowpea [Vigna unguiculata (L.) Walp] cultivars displaying varying tolerance to salt stress were used: Pitiúba (salt-tolerant) and TVu 2331 (salt-sensitive). These cultivars have been selected according to their growth responses to salinity, i.e., the tolerant cultivar displays less impaired growth and photosynthesis under salt conditions than does its sensitive counterpart (COSTA et al. 2003 , PRAXEDES et al. 2010 ). Seeds were surface-sterilized in 1% sodium hypochlorite for 5 min, followed by rinsing three times in distilled water, after which they were sown in vermiculite moistened with distilled water. Five days after sowing, uniform seedlings were transplanted into trays containing half-strength Hoagland's nutrient solution, and acclimated for 5 days. Then, seedlings of each cultivar were transferred to 3-L pots containing the same nutrient solution and randomly subjected to two salt treatments: 0 (control) and 75 mM NaCl. Salt additions (at the rate of 25 mM d -1
, starting 24 h after transferring the plants to the pots) were split over time in an attempt to avoid osmotic shock. All nutrient solutions were replaced every 6 days and kept aerated. Their pH was checked daily and adjusted to 5.5, with 0.1 N NaOH or 0.1 N HCl, when necessary. The amount of transpired water was checked daily by weighing the pots and was replaced with distilled water. The experiment was conducted in Fortaleza (3.74°S, 38.58°W), northeastern Brazil, under greenhouse conditions with mean midday photosynthetically active radiation of about 1,500 mmol m -2 s -1 , temperature of 31.2 ± 5.8°C, and relative humidity of 72 ± 10%.
Sample procedures
On the day the plants were transferred to 3-L pots (day 0) and at 3, 10, 17, and 24 days from the start of salt additions (DSSA), leaf (third fully expanded from the apex) and root (one-third of the apical portion) segments were collected between 10:00 and 11:00 a.m., flash frozen in liquid nitrogen and then freeze-dried, as described in AZEVEDO-NETO et al. (2006) . Lyophilized leaf (20 mg) and root (10 mg) powder were homogenized in a mortar and pestle with 1 mL of ice-cold extraction buffer (100 mM potassium phosphate, pH 7.0, 0.1 mM EDTA and 1 mM ascorbate). The homogenate was filtered through muslin cloth and centrifuged (20,000 g for 15 min). The supernatant fraction was used as crude extract for lipid peroxidation and enzyme activity assays. All the steps described above were carried out at about 4°C. Each replicate represented the mean of two determinations.
Biochemical assays
Lipid peroxidation was determined by measuring the amount of malondialdehyde (MDA) produced by the thiobarbituric acid reaction as described by HEATH and PACKER (1968) .
Total superoxide dismutase (SOD; EC 1.15.1.1) activity was determined by measuring its ability to inhibit the photochemical reduction of nitroblue tetrazolium chloride (NBT), as described by GIANNOPOLITIS and RIES (1977) . The reaction mixture (1.5 mL) contained a suitable amount of extract and 50 mM potassium phosphate, pH 7.8, 0.1 mM EDTA, 13 mM methionine, 75 mM NBT and 2 mM riboflavin, which was the last to be added. The tubes were shaken and illuminated with two 20 W cool-white fluorescent lights. The reaction was allowed to proceed for 10 min and its absorbance was read at 560 nm. One unit of SOD activity (U) was defined as the amount of enzyme required to cause 50% inhibition of the NBT photoreduction rate. Other enzymes were assayed with suitable amount of extract and minor changes in the reaction media (described below): catalase (CAT; EC 1.11.1.6), 100 mM potassium phosphate, pH 7.0, 0.1 mM EDTA, and 20 mM H 2 O 2 (BEERS JR. and SIZER 1952); ascorbate peroxidase (APX; EC 1.11.1.1), 50 mM potassium phosphate, pH 6.0, 0.1 mM EDTA, 0.5 mM ascorbate, and 1.0 mM H 2 O 2 (NAKANO and ASADA 1981); glutathione reductase (GR; EC 1.6.4.2), 100 mM potassium phosphate, pH 7.8, 0.1 mM EDTA, 0.05 mM NADPH, and 3 mM oxidized glutathione (FOYER and HALLIWELL 1976) ; and guaiacol peroxidase (GPX; EC 1.11.1.7), 100 mM potassium phosphate, pH 7.0, 0.1 mM EDTA, 5 mM guaiacol, and 15 mM H 2 O 2 (URBANEK et al. 1991) . For CAT and GPX the reactions were started by adding the crude extract. APX and GR reactions were started by the addition of H 2 O 2 and oxidized glutathione, respectively. All enzymatic assays were carried out at 30°C and were previously checked for linearity in relation to time of reaction and amount of extract used.
Experimental design and statistical analysis
The plants were distributed over a completely randomized single-plant plot design, with four treatment combinations (two cultivars and two salt treatments) and five replicates. Differences among cultivars, salt treatments and times of collection (0, 3, 10, 17 and 24 DSSA) were tested using a three-way analysis of variance. Student's t test was used to compare the differences in salt treatments at the same DSSA. To examine in further detail the coupling between oxidative stress and protection, Pearson's product-moment correlation was performed using MDA pool and antioxidative enzyme activity data. Data analysis and graph generation were made using the software R (R DEVELOPMENT CORE TEAM 2012), version 2.13.1, according to SOKAL and ROHLF (1995) .
Results
Lipid peroxidation and antioxidant enzymes in leaves
The salt stress treatments had similar effects on the leaf MDA concentration in both cultivars (non-significant cultivar x stress interaction), but this effect was dependent on the time of exposure to salts (significant time x stress and time x stress x cultivars interactions) (Tab. 1). Regardless of cultivar, significant salt-induced increases in MDA were noted par-ticularly at the end of the experiment, although such increases were found earlier in Pitiúba (at 17 DSSA) than in TVu 2331 (hereafter referred to as TVu) (Figs. 1a, b) .
The salt stress also affected the antioxidant enzyme activities which was dependent on the time of exposure and cultivar (Tab. 1). On average, all the enzymes that we analyzed displayed higher activities in TVu than in Pitiúba (Tab. 1; Figs. 1, 2) . In salt-stressed plants, SOD activity increased (p < 0.01) at 24 DSSA in Pitiúba (Fig. 1c) , but not in TVu (Fig. 1d) , in which SOD did not consistently change along the experiment. In Pitiúba, CAT was not significantly affected by the treatments, whereas in TVu CAT activity was dramatically lower in salt-stressed plants as compared to their control counterparts, particularly at 10 DSSA onwards (Figs. 1e, f) . With the exception of APX in Pitiúba (at 3 DSSA) and GPX in TVu (at 10 DSSA onwards), salt stress brought about significant increases in APX, GR and GPX only at the end of the experiment, though such increases were much more pronounced in TVu than in Pitiúba (Figs. 1g-l) . Regardless of cultivars, both APX and GPX correlated positively (p < 0.01) with MDA, whereas SOD was also positively correlated with MDA, but only in Pitiúba. In contrast, CAT correlated negatively with MDA (p < 0.01) in both cultivars (Tab. 2).
Lipid peroxidation and antioxidant enzymes in roots
Salt stress per se did not affect the MDA concentration in either cultivar, even though the MDA pools were significantly lower at 24 DSSA in salt-treated plants than in control individuals for both cultivars (significant stress x time and cultivar x time interactions) (Tab. 
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PRAXEDES S. C., DAMATTA F. M., DE LACERDA C. F., PRISCO J. T., GOMES-FILHO E. Figs. 2a, b). On average, the MDA concentration was significantly lower in TVu than in Pitiúba.
Regardless of the salt treatments, the average activities of SOD, APX and GPX were slightly larger in TVu than in Pitiúba, with no cultivar difference found for CAT and GR activities (Tab. 1, Fig. 2 ). In general, salt-induced increases in enzyme activities were particularly noted at 24 DSSA, as found for SOD and APX in Pitiúba, CAT in TVu and GR and GPX in both cultivars (significant cultivar x time (except for CAT) and stress x time interactions) (Tab. 1, Figs. 2c-l) . Notably, the activities of some antioxidative enzymes, especially SOD and APX, were remarkably larger in roots than in leaves regardless of cultivar and salt treatment (cf. Figs. 1, 2) . Irrespective of cultivar, no significant correlation was found between antioxidant enzymes and MDA pools (Tab. 2).
Discussion
The effects of oxidative stress on membranes are frequently evaluated through the increases in MDA concentration, a byproduct of lipid peroxidation (BOR et al. 2003 , PINHEIRO et al. 2004 , SÁNCHEZ-RODRÍGUEZ et al. 2010 . Therefore, increases in MDA levels have commonly been reported along with the exposition time to salts (BOR et al. 2003 , BANU et al. 2009 ). Here, we noted that the MDA pools increased earlier in the leaves of the salt-tolerant Pitiúba than in the salt-sensitive TVu, suggesting increased oxidative stress in that cultivar which could correlatively be associated with a less robust enzymatic antioxidant system in Pitiúba than in TVu. On the other hand, the elevated antioxidant enzyme activities in TVu could be interpreted as an intrinsic higher tolerance to oxidative stress (overall, higher enzyme activities in both leaves and roots regardless of salt treatments). An upregulation of some antioxidant enzymes (particularly APX, GR and GPX) under salt stress conditions could also play an important role in efficiently scavenging ROS that are expected to be produced at higher rates in TVu than in Pitiúba due to larger decreases in both growth and photosynthetic rates and higher Na + accumulation in the former (PRAXEDES et al. 2010 ) so that MDA accumulation could be held in check.
The ratio between the activity of SOD and the activities of APX and CAT has a pivotal role in controlling the cellular levels of the superoxide radical and hydrogen peroxide (MITTLER 2002 0.67** 0.02 PRAXEDES S. C., DAMATTA F. M., DE LACERDA C. F., PRISCO J. T., GOMES-FILHO E. be involved primarily in fine signal modulation against ROS, while CAT would be involved in the removal of ROS excess during oxidative stress (MITTLER 2002) . Here, we found that whereas SOD and APX activities were either stimulated or unchanged in response to salt stress in the leaves of both cultivars, CAT activity dramatically decreased under salt-stress conditions, as noted in TVu. Some studies have previously reported inhibition in CAT activity in leaves of cowpea seedlings challenged with salt stress growing under soil conditions (CAVALCANTI et al. 2007 , MAIA et al. 2010 . CAVALCANTI et al. (2007) suggested that such inhibition was associated with irreversible damages suffered by the enzyme, which is markedly sensitive to salt excess (HERTWIG et al. 1992) . Therefore, we contend that damage in CAT might have occurred here in TVu, which accumulated salts in leaves to a greater extent than Pitiúba (PRAXEDES et al. 2010 ). This might lend some support to explain the stronger negative correlation between CAT and MDA in TVu than in Pitiúba. In any case, the significance of particular activities of ROS scavenging enzymes should be interpreted based on the overall plant response to salt stress, the cellular levels of ROS and the activities of other enzymes involved in ROS scavenging in order to make a precise correlation between enzyme activity and plant acclimation to salt stress (ABOGADALLAH 2010). In this regard, higher activities of APX, GR and GPX could compensate for the decreased CAT activity in salt-treated TVu plants in order to restrain the development of oxidative damage. This is circumstantially supported by the correlation analysis between the antioxidant enzymes and MDA concentrations in both cultivars, that is, the greater the oxidative pressure (higher MDA), the greater the activities of SOD, APX and GPX and SOD.
In contrast with leaves, the levels of MDA in roots ultimately decreased at the end of the experiment in salt-treated plants from both cultivars as compared with untreated individuals, which was accompanied by increased activities of some antioxidant enzymes. Notably, the MDA concentration tended to be lower in roots than in leaves in both cultivars, which could be related to the higher activities of some enzymes such as SOD and APX in roots than in leaves.
Overall, our results contrast with those reported by MAIA et al. (2010) . These authors found positive correlations between leaf SOD, APX or GPX activities with salt stress tolerance, but these results were obtained using another cowpea genotype as a salt-sensitive cultivar with different age and grown under conditions different from those used in this current study. Although we have highlighted the importance of antioxidant enzymes in cowpea acclimation to salt stress, no positive correlation between increases in the activities of enzymes and salt stress tolerance was found in this current long-term study. Therefore, the enzymatic protection mechanism against salt stress might be a good selection marker for some species or genotypes but not for others, as had already been shown by ABOGADALLAH (2010).
Conclusions
Despite some changes found in the expression of the enzymatic antioxidant system, particularly in leaves, the present results argue against our working hypothesis that the salt-sensitive cultivar is more prone to suffer from oxidative stress. However, the nonenzymatic system was not evaluated and accordingly merits attention in future studies. We also demonstrated that leaves and roots displayed varying antioxidant abilities to cope with salt stress and so both types of organs should be evaluated for a full assessment of whole-plant acclimation to salt stress.
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